Genes do not act in isolation but perform their biological functions within genetic pathways that are connected in larger networks. Investigation of nucleotide variation within genetic pathways and networks has shown that topology can affect the rate of protein evolution; however, it remains unclear whether a same pattern of nucleotide variation is expected within functionally similar networks and whether it may be due to similar or different biological mechanisms. We address these questions by investigating nucleotide variation in the context of the structure of the insulin/Tor-signaling pathway in Caenorhabditis, which is well characterized and is functionally conserved across phylogeny. In Drosophila and vertebrates, the rate of protein evolution is negatively correlated with the position of a gene within the insulin/Tor pathway. Similarly, we find that in Caenorhabditis, the rate of amino acid replacement is lower for downstream genes. However, in Caenorhabditis, the rate of synonymous substitution is also strongly affected by the position of a gene in the pathway, and we show that the distribution of selective pressure along the pathway is driven by differential expression level. A full understanding of the effect of pathway structure on selective constraints is therefore likely to require inclusion of specific biological function into more general network models.
Introduction
Models of evolutionary change, particularly at the molecular level, tend to focus on the effects of mutation, natural selection, and genetic drift operating on genes one at a time. But molecular evolution is actually generated by the manner in which fitness differences at the level of the whole organism are mapped to and from the DNA sequence level via development and physiology. These mapping functions are usually represented in the form of genetic networks. A fundamental question in the field is therefore whether patterns of molecular evolution are best understood by taking the global network context of the genes of interest into account or whether taking a locus-by-locus approach is sufficient. A systematic way of examining the distribution of selective pressure in genetic networks is to investigate the relationship between network structure and nucleotide variation of individual genes interacting within those networks. Large-scale studies in major cellular networks have shown that network topology does indeed affect the rate of protein evolution. Specifically, central and highly connected proteins in the metabolic and protein-protein interaction networks tend to evolve more slowly than proteins at network peripheries (Fraser et al. 2002; Hahn and Kern 2005; Vitkup et al. 2006; Lu et al. 2007 ). However, central transcription factors tend to evolve faster in the yeast gene regulatory network, despite a similar network topology, suggesting that the distribution of selective pressure within networks depends more specifically on the function of the network under study . Thus, it is important to compare the pattern of nucleotide variation in multiple networks in order to ascertain whether or not it is possible to generate general rules for molecular evolution within genetic networks.
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Investigation of nucleotide variation in the context of linear metabolic pathways has been particularly informative for addressing this question because the patterns can be interpreted within the context of population genetic models of metabolic flux (Kacser and Burns 1973) . Theory predicts that upstream enzymes in linear pathways will evolve greater control over metabolic fluxes and will 1) preferentially fix beneficial mutations during adaptive walks and 2) be under stronger purifying selection as optimal control is reached in the population (Wright and Rausher 2010) . Analysis of nucleotide divergence in the anthocyanin pathway in plants supports the prediction that downstream enzymes experience relaxed selection and evolve faster than upstream enzymes (Rausher et al. 1999 (Rausher et al. , 2008 Lu and Rausher 2003) . Similar effects of pathway position on nucleotide variation have been shown for the melanin synthesis pathway in silkworms (Yu et al. 2011) as well as the carotenoid (Livingstone and Anderson 2009 ) and terpenoid (Ramsay et al. 2009 ) biosynthetic pathways in plants.
It remains unclear, however, whether a similar pattern is to be expected for different types of linear pathways. In signal transduction pathways, for instance, one might expect evolutionary changes to be concentrated in the upstream receptor because receptors interact with the ''external'' environment, whereas downstream elements might be expected to be under stronger purifying selection because they are located within a more stable cytoplasmic milieu. For example, analysis of the human-signaling network shows that purifying selection increases as a function of cellular localization, from the extracellular space to the nucleus (Cui et al. 2009 ). However, detailed analyses of various signal transduction pathways in several organisms have revealed heterogeneity in the relationship between the nucleotide rate variation and the position of a gene within the pathway. All potential outcomes appear possible, as these studies have found no relationship to pathway structure ), a trend similar to that observed in metabolic pathways in which the most upstream genes evolve more slowly (Riley et al. 2003) , and an inverse polarity in which the most downstream genes tend to be more conserved (Alvarez-Ponce et al. 2009 , 2010 Wu et al. 2010) .
The insulin-signaling (IS) pathway is particularly well suited for addressing this set of questions. It is well characterized and largely functionally conserved across a broad phylogenetic swath including yeast, flies, nematodes, rodents, and humans (Garofalo 2002; Barbieri et al. 2003; Broughton and Partridge 2009) . Mutations affecting IS in these organisms have similar phenotypic effects on lifespan, oxidative-stress resistance, lipid storage, and metabolism. The pathway is most famously characterized in Caenorhabditis elegans, as mutations in many pathway components can lead to a many-fold increase in lifespan (Kenyon 2005) . Here ( fig. 1A ), upon activation of the AAP-1 adaptor subunit and the phosphotidylinositol 3-OH kinase subunit AGE-1 by the insulin/IGF-1 receptor DAF-2, AGE-1 converts PIP 2 into PIP 3 which then recruits the serine/threonine kinases PDK-1, AKT-1, AKT-2, and SGK-1 to the cell membrane. The kinases phosphorylate and control the localization of the transcription factor FOXO/DAF-16 and prevent its entry in the nucleus thereby down-regulating transcription of stress-response genes ( fig. 1A) . Mutations in these factors prevent this phosphorylation and therefore generate constitutive stimulation of the stress-response pathway, which subsequently increases individual lifespan. The IS pathway also interacts with other conserved pathways including the Tor, Ras, JNK, and TGF-b pathways (Shmookler Reis et al. 2009 ). Investigations of the impact of pathway structure on nucleotide divergence in the insulin/Torsignaling pathway in Drosophila and vertebrates consistently reveal that they show the reverse-polarity situation, with downstream proteins tending to evolve more slowly than upstream proteins (Alvarez-Ponce et al. 2009 , 2010 . Is the same pattern of nucleotide variation within functionally conserved pathways expected among distantly related organisms, and if so, will these similar trends be the result of the same or different underlying biological mechanisms?
Here, we examine these questions by investigating nucleotide divergence in Caenorhabditis in the context of the structure of the insulin/Tor-signaling pathway. We find the global pattern of nucleotide substitution to be similar to that seen in Drosophila and vertebrates but that differences in the rate of evolution at synonymous sites suggest that the underlying causes of this pattern are likely to be different. Understanding the relationship between network structure and rates of molecular evolution is therefore likely to depend on a more detailed understanding of the genotype-phenotype map than is revealed by the topology of the genetic network per se.
Materials and Methods
The Insulin/Tor Pathway in C. elegans
The pattern of interactions among the C. elegans insulin/Torsignaling pathway genes was obtained from several recent review and research articles ( fig. 1A) (Jia et al. 2004; Jensen et al. 2006; Mukhopadhyay et al. 2006; Antebi 2007; Braeckman and Vanfleteren 2007; Shaw et al. 2007; Broughton and Partridge 2009; Chen et al. 2009; Shmookler Reis et al. 2009 ). Within this larger network, we examined nucleotide divergence focusing on proteins that mediate signal transduction in response to stimuli detected by the insulin receptor DAF-2 (fig. 1B) in order to investigate how the structure of the insulin/Tor pathway affects protein evolution in nematodes, flies, and vertebrates (Alvarez-Ponce et al. 2009 , 2010 . We assigned the first position in the pathway to DAF-2 and we counted the number of steps from DAF-2 to determine each protein's position within the pathway (table 1) .
Identification of Orthologs and Phylogenetic Analyses
C. elegans orthologs of the insulin/Tor-signaling genes were identified in the Caenorhabditis briggsae (Stein et al. 2003) , Caenorhabditis japonica, Caenorhabditis brenneri, Caenorhabditis remanei, Caenorhabditis sp. 7, Caenorhabditis sp. 9, and Caenorhabditis sp. 11 (Genome Sequencing Center, Washington University, St. Louis, unpublished data) genome assemblies using the TBlastN program (Altschul et al. 1990 ). For each gene, we identified only one similar sequence with two exceptions: no clear ortholog of akt-2 could be identified in any of the genome assemblies and two highly similar sequences of let-363 were found in 
C. briggsae-Caenorhabditis remanei
Comparisons C. brenneri, consistent with ;30% of the C. brenneri genes having two alleles in the genome assembly (Barriè re et al. 2009; Jovelin 2009 ). We combined exons from the two Cbn-let-363 alleles because of incomplete sequence for one allele and sequencing errors in the second allele. Intron/exon boundaries were predicted relative the C. elegans protein sequence. Some sequences are incomplete due to the fragmented and preliminary nature of the genome assemblies. Protein sequences were aligned by eye using BioEdit (Hall 1999) and subsequently used to generate codon-based DNA sequence alignments. Sequence alignments are available upon request. Phylogenetic reconstruction for each orthologous group (single-gene analysis) was obtained with MrBayes (Ronquist and Huelsenbeck 2003 ) applying a JTT model of protein sequence evolution (Jones et al. 1992 ). Parameter space was searched with four independent runs of 1,000,000 generations each and with four chains. Trees were samples every 100 generations and posterior probabilities were determined after discarding the first 2,500 trees (''burn-in''). We also sought to infer the phylogenetic relationships among the eight Caenorhabditis species using a similar analysis based on concatenated sequences of the insulin/Tor genes. In this analysis, parameter space was searched with four independent runs of 10,000 generations with the same tree sampling frequency and also applying a 25% burn-in. Half of the single-gene analyses (6/13) gave a well supported topology, identical to the one retrieved with the concatenated sequences ( fig. 2) , and corresponding to the known relationship among the named species (Kiontke et al. 2004; Kiontke and Fitch 2005) . Topologies obtained during the other single-gene analyses (7/13) either have poorly supported nodes or conflict with the accepted species tree (Kiontke et al. 2004; Kiontke and Fitch 2005) , and only two were identical. In subsequent codon-based tests of selection, we used the topology obtained with the concatenated sequences ( fig. 2 ) and when the single-gene topology was different, we used the topology that best fits the data according to model M0 (see below). Only single-gene topologies for daf-15, pdk-1, pha-4, and sgk-1 were used after comparing alternative topologies with the likelihood ratio test (LRT).
Codon-Based Sequence Analyses
Maximum likelihood estimates of the rates of nonsynonymous (dN) and synonymous (dS) substitutions along with the corresponding ratio (x) were computed between C. briggsae and C. remanei and between C. briggsae and Caenorhabditis sp. 9 with the CODEML program in PAML 3.14 (Yang 1997) with model M0, which provides a single estimate of across all sites and lineages. To test for positive selection acting on the insulin/Tor pathway genes, we used an LRT between models M7 and M8 (Yang et al. 2000) and obtained significance of the likelihood ratio statistic 2Dl by comparison to the v 2 distribution with 2 degrees of freedom. Models M7 and M8 allow x to vary among sites according to a beta distribution, estimated with 10 categories, and model M8 has an additional parameter x . 1. To determine if x is significantly greater than 1, we compared model M8a in which x 5 1 with model M8 (Swanson et al. 2003 ) using an LRT with 1 degree of freedom. We also performed an LRT with 1 degree of freedom between models M1a and M2a (Wong et al. 2004 ). Model M1a allows 2 classes of sites with x , 1 and x 5 1, respectively, and model M2a has a third class of sites with x . 1. For all codon-based analyses, ambiguous sites were removed, no molecular clock was assumed, and codon frequencies were estimated from the observed nucleotide frequencies at each codon position.
Gene-Level Variables
In our investigation of the effect of pathway structure on nucleotide divergence, we also examined the possible confounding effects of several other variables including protein length, codon bias, and expression level. We determined the correlation among variables using Spearman's rank correlation. Protein length is the length of the protein in pairwise alignments between C. remanei and C. briggsae after gaps were removed. Codon bias is the average effective number of codons (ENC) (Wright 1990 ) between C. remanei and C. briggsae orthologs. ENC values were obtained for each orthologous gene with DnaSp 5.10 (Librado and Rozas 2009). Expression level is the average expression measured in C. elegans with microarrays at eight time points spanning embryonic development and adulthood (Hill et al. 2000) . We also tested the effect of expression level on nucleotide divergence at each separate time point and obtained qualitatively similar results (not shown). Expression level is missing for aap-1 and rsks-1.
Results

The Rate of Nucleotide Substitution Decreases along the Insulin/Tor Pathway
The rate of nonsynonymous changes between C. briggsae and C. remanei orthologs varies 7.5-fold among the IS genes (table 1). We tested if the position of a protein within the insulin/Tor pathway could impact the rate of protein sequence evolution and explain the observed variability among IS genes. Variability in nonsynonymous changes is strongly negatively correlated with the position of a protein in the pathway (Spearman's q 5 À0.638, P 5 0.018). The more downstream proteins tend to evolve more slowly ( fig. 3) This pattern of natural selection could result either from a tendency of the upstream genes to be under positive selection or from increasing purifying selection operating along the pathway. To test between these alternatives, we performed codon-based tests of selection using orthologs from eight Caenorhabditis species. A first LRT favored model M8 (Yang et al. 2000) , a model allowing a proportion of sites to evolve under positive selection, for 7 of the 13 genes. Nevertheless, a second LRT showed that x for this class of sites is significantly greater than 1 for only 1 gene, pha-4, located downstream in the pathway. Moreover, comparisons of nearly neutral and positive selection models M1a and M2a (Wong et al. 2004) failed to detect any instance of positive selection (table 2) . These results suggest that the observed pattern of variation along the insulin pathway is unlikely to result predominantly from positive selection acting on the upstream genes but may instead be accounted for by increasing levels of purifying selection.
If mutations in the IS genes have different pleiotropic effects, causing selective constraints to be distributed along the insulin/Tor pathway, then we would expect this effect to manifest itself on dN and x but not on dS. However, dS is not randomly distributed along the insulin pathway ( fig. 3 ) but instead strongly correlates negatively with the position of a protein in the pathway (Spearman's q 5 À0.815, P , 0.001). In contrast, x is not correlated (Spearman's q 5 À0.088, P 5 0.774). The strong polarity of dS along the pathway and the lack of correlation for x further suggest that positive selection is unlikely to be a major determinant in the distribution of nucleotide rate divergence and point to increasing levels of purifying selection affecting both dN and dS. Moreover, pleiotropic constraints due to the cumulative effect of mutations in the insulin/Tor and/or interacting Expression level is strongly correlated with pathway structure and downstream genes tend to be expressed at higher levels (D).
Table 2
Results of codon-based tests of selection LRTs were performed between models M7 and M8, models M8 and M8a and between models M1a and M2a. The LRTs do not show evidence of rampant positive selection acting on the IS genes. With the exception of pha-4, x is not significantly greater than 1 for genes with the best fitting model allowing a proportion of site to evolve under position selection. *P , 0.05, **P , 0.01, ***P , 0.001.
pathways cannot be the sole cause underlying this pattern of selection because such selective constraints would be expected to affect protein sequence evolution only.
In Drosophila and vertebrates, the structure of the insulin/Tor pathway affects the rate of protein sequence evolution but does not seem to have much impact on dS (Alvarez-Ponce et al. 2009 , 2010 . C. briggsae and C. remanei have diverged long enough such that saturation at synonymous sites could complicate inferences based on dS and x. Therefore, we also estimated nucleotide divergence from another species pair, C. briggsae and Caenorhabditis sp. 9. These two species split in the recent past, as reflected by their ability to produce fertile hybrid progeny (Woodruff et al. 2010) , and do not show saturation at synonymous sites (table 1). The architecture of the insulin pathway has the same effects using these estimates of nucleotide divergence. Both dN (Spearman's q 5 À0.149, P 5 0.627) and dS (Spearman's q 5 À0.423, P 5 0.150) are negatively correlated with pathway position whereas is not correlated (Spearman's q 5 0.066, P 5 0.830). Although the correlations are not significant, they are qualitatively similar to those obtained using C. briggsae and C. remanei. The lack of significance is presumably due to the short divergence time between C. briggsae and Caenorhabditis sp. 9 and subsequently the lower variance in nucleotide substitution rate among IS genes in this species pair. For instance, the standard deviations for dN and dS are, respectively, 8 and 12 times lower among C. briggsae and Caenorhabditis sp. 9 orthlogs than among C. briggsae and C. remanei orthologs. Overall, then, the effect of pathway position on sequence evolution is not dependent upon the choice of species used to compute nucleotide rate divergence, and nucleotide variation is distributed differently along the insulin pathway in nematodes, flies, and vertebrates.
The Pattern of Selective Constraints along the Insulin/Tor Pathway Is Driven by Differential Expression Level
Because pleiotropic constraint cannot account for the observed pattern of selection along the insulin pathway, we tested if this pattern could be due to the distribution of one or several variables affecting purifying selection (Rocha 2006 ). Specifically, we tested if the position in the pathway is correlated with expression level, codon bias, and protein length. Protein length (Spearman's q 5 À0.188, P 5 0.539) and codon bias (Spearman's q 5 -0.505, P 5 0.078) do not correlate significantly with pathway position (although the latter is nonetheless fairly negative). However, the level of gene expression in C. elegans is strongly correlated with the position that a gene occupies in the pathway ( fig.  3D ; Spearman's q 5 0.714, P 5 0.0136). Rates of synonymous and nonsynonymous changes are reduced in highly expressed genes, respectively, because of selection for translational accuracy and selection for translational robustness (Drummond et al. 2005) . Using C. elegans expression as a proxy for other species, rates of nucleotide divergence are highly dependent upon expression level for the IS genes, whether they are measured using C. briggsae and C. remanei (dN: Spearman's q 5 À0.664, P 5 0.026; dS: Spearman's q 5 À0.864, P , 0.001) or C. briggsae and Caenorhabditis sp. 9 (dN: Spearman's q 5 À0.454, P 5 0.160; dS: Spearman's q 5 À0.791, P 5 0.004).
Although variation in expression level provides a strong predictor of evolutionary rate in this system, each of the functional variables are correlated with one another, making it impossible to completely isolate their effects. We did not find a significant residual correlation between pathway position and nucleotide divergence after removing the effect of expression level (dN: Spearman's q 5 À0.467, P 5 0.148; dS: Spearman's q 5 À0.471, P 5 0.143), although the pattern is still negative, and the limited number of pathway components seriously limits the power of a multivariate analysis. Nevertheless, the high dependence of dS on expression level and pathway position, which in particular is not expected to be a direct effect of pathway structure, and the absence of correlation between x and pathway position both strongly argue that expression level has a large influence on evolutionary rates and that the contribution of pathway structure on protein evolution, if any, is likely to be small relative to the effect of expression level.
Altogether, these results suggest that the pattern of nucleotide variation along the insulin pathway is driven by gene expression level rather than by pleiotropic constraints or increased purifying selection in the downstream elements in relation to their function in mediating the cellular response. Moreover, these results point to the need to consider possible confounding variables when analyzing the relationship between pathway structure and evolutionary rates. Importantly, different factors explain the polarity of purifying selection along the well-conserved insulin/Tor pathway in nematodes, flies, and vertebrates (AlvarezPonce et al. 2009 (AlvarezPonce et al. , 2010 , suggesting that the effect of the position of gene within a pathway on protein sequence evolution is largely specific to the broader functional context of the pathway under study.
Discussion
We found that the rate of amino acid replacements correlates negatively with the position of a protein in the insulin/ Tor-signaling pathway in Caenorhabditis ( fig. 3) , similar to the pattern observed in several other signal transduction pathways including the insulin/Tor pathway in Drosophila and vertebrates (Alvarez-Ponce et al. 2009 , 2010 Cui et al. 2009; Wu et al. 2010) . One possible explanation is that evolutionary changes may preferentially localize to the receptor in signal transduction pathways because such changes have the potential to affect the entire system and/or that more downstream components may be under stronger purifying selection because they are required to transduce the signal in the cell. Interestingly, the insulin-like receptor DAF-2 is the most divergent protein in the pathway (table 1 and fig. 3 ). It is conceivable that modifications at the ligand-receptor interaction may reflect adaptation to changing conditions and may play a role in the distribution of selective constraints in signal transduction pathways. Consistent with this interpretation, recent analyses found evidence of adaptive evolution in the insulin receptor and some of its ligands in Drosophila Aguade 2009, 2011) and a global analysis of human-signaling pathways shows that purifying selection increases from the extracellular space to the nucleus (Cui et al. 2009 ).
However, a major difference among nematodes, flies, and vertebrates is that selection on synonymous changes is also distributed along the insulin/Tor pathway in worms, while x does not vary with pathway position (fig. 3) . Moreover, in Caenorhabditis, the distribution of purifying selection along the pathway seems to be predominantly the result of the tendency of downstream genes to be expressed at higher levels. The high dependence of both dN and dS on expression level is consistent with the translational robustness and accuracy hypotheses (Drummond et al. 2005) and is not easily reconciled by the hypothesis of selection pressure acting to maintain the function of downstream signal transduction elements or with pleiotropic constraints in relation to the interaction with other pathways. In Drosophila and vertebrates, the pattern of selection on protein evolution remains after correcting for the effect of gene expression and codon usage (Alvarez-Ponce et al. 2009 , 2010 . Thus, our results clearly show that the pattern of nucleotide variation can differ among functionally conserved pathways and that the underlying biological causes can also be different.
Previously, we found that the relationship between nucleotide variation and network topology can also be different in large cellular networks sharing similar topological properties . These results and those presented here strongly suggest that any rules that govern the evolution of interacting proteins, if they exist, are unlikely to be functions of network structure per se. It is therefore somewhat remarkable that investigations of nucleotide variation in linear metabolic pathways in various organisms do in fact tend to find the same pattern of polarity of selective pressure (Rausher et al. 1999 (Rausher et al. , 2008 Lu and Rausher 2003; Livingstone and Anderson 2009; Ramsay et al. 2009; Yu et al. 2011) . In this case, an explicit population genetic model grounded in metabolic flux control theory is available to help predict the effect of the position of a gene on protein evolution (Wright and Rausher 2010) . Similarly, predictions for the pattern of selection acting on branch point enzymes in metabolic networks based on metabolic flux control (Eanes 2011) have thus far been supported by the available data (Whitt et al. 2002; Flowers et al. 2007; Greenberg et al. 2008; Yang et al. 2009 ). The challenge ahead is to build explicit functional models for different types of pathways (including signal transduction pathways), similar to those developed for metabolic pathways (Wright and Rausher 2010) , in order to understand the conditions under which natural selection may operate within pathways and networks. This is the framework required to move from anecdotal reports of nucleotide variation among interacting genes to a more predictive networkcentered view of natural selection (Wilkins 2007) .
